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Abstract
This investigation is focused on the effect paint-bake cycles have on the tensile strength
and microhardness of GMAW welded RX82 aluminum extrusions in T4 and T6 base conditions.
To simulate the paint-bake cycle, T4 and T6 RX82 aluminum samples were GMAW welded and
heat treated at 350°F, 390°F, and 425°F for durations of 30 minutes, 1.0 hour, and 2.0 hours,
with five replicates for each treatment. Microhardness profiles of T4 samples treated at 350°F for
30 minutes and 1.0 hour display weld/HAZ HV values of 86.04 and 82.51 respectively, followed
by maximums of 123.21 and 121.10. Average ultimate tensile strength (UTS) of T4 samples
treated at 350°F started at 38.26 ksi, dropped to 34.91 ksi, and increased to 38.24 ksi for 30
minutes, 1.0 hour, and 2.0 hour treatments. T4 samples treated at 390°F showed an increase in
UTS with increasing exposure duration; however 425°F treatments displayed a decrease in UTS.
T6 samples treated at 350°F and 390°F increased in average UTS, while T6 samples treated at
425°F increased then decreased in strength. A general linear model of the T4 tensile samples
shows no statistically significant difference in UTS between treatments or treatment levels, while
T6 tensile data shows statistically significant differences between the 350°F and 390°F/425°F
treatment temperature, with another significant difference between the 30 minute and 1.0
hour/2.0 hour treatment durations.

Keywords: Aluminum, Heat Treatment, Welding, Precipitation Hardening, Ultimate Tensile
Strength, Extrusions, T4, T6, 6082 Aluminum, Materials Engineering
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1. Introduction
1.1 Problem Statement
Sapa Extrusion (Portland, Oregon) supplies aluminum-extruded pieces for use in vehicle
frames, such as the Ford F150 and the Jaguar XJ, and support structures, such as the bumper in
the Chrysler 200. The extruded parts are typically 6xxx series aluminum and will undergo a
variety of treatments prior to installation. These treatments include welding and paint heat
treatment. During manufacturing of the vehicles and components there is a possibility for line
stoppages in the paint oven cycle, which increases the likelihood of over-aging in the aluminum.

Sapa Extrusion wants to know the effect that thermal exposure has on the mechanical
properties of the Heat Affected Zone (HAZ) in their welded T4 and T6 RX82 aluminum alloy
extrusions. Research indicates that when 6xxx series aluminum alloys are exposed to elevated
temperatures, after being aged to the T4 and T6 conditions, that the alloy will have decreased
yield strength and hardness. The effect of elevated temperature exposure on welded sections of
6xxx series aluminum has yet to be studied and is the purpose of this experiment. In this project,
welded T4 and T6 RX82 samples will be exposed to a variety of elevated temperatures (350°F,
390°F, 425°F) for differing amounts of time (30 mins, 1 hr, 2 hrs).

Tensile testing a variety of welded and heat treated RX82 samples will produce data that
can be statistically analyzed to determine the average effect elevated temperature exposure has
on tensile properties in the HAZ of the weld. Microhardness profiles of the welded region in
over-aged samples will show the effect post weld heat treatment has on the microstructures
present throughout the HAZ. Performing these tests and statistically analyzing the results will aid
Sapa Extrusion in designing their extrusions for use by consumers.

1.2 Background
1.2.1 Company Background
Sapa Extrusion is a recent merger of two aluminum companies, Orkla ASA and Hydro
ASA. Sapa’s company goal is to shape a sustainable future through innovative aluminum
solutions [1]. If there exists a heavy steel part, it is likely that Sapa can replace that part with an
aluminum extrusion, resulting in weight savings while maintaining strength and quality. As the
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automotive industry looks for ways to reduce their overall greenhouse gas footprint, Sapa offers
a solution in producing light-weight extrusions that can be assembled into a variety of
automotive components. The demand for all aluminum car components has prompted Sapa to
dedicate one of their extrusion plants solely to the automotive industry [1]. Sapa Extrusion has
also begun working with electric vehicle manufacturers in the pursuit of reducing the impact the
automotive industry has on greenhouse gas production.

1.2.2 Aluminum Alloys in the Automotive Industry
Aluminum is a highly abundant metallic element in the earth’s crust. Aluminum ore
always occurs as a compound, such as bauxite, which is the basic raw material from which the
metal aluminum is produced. The bauxite ore is then processed into a variety of aluminum alloys
through chemical reduction processes.

Aluminum alloys are desirable materials to use in structural applications because of their
high strength-to-weight ratio. They are also easily machined and extruded, have good corrosion
resistance, good thermal and electrical conductivity, and are heavily recycled. These desirable
properties are the reason aluminum’s use has recently increased in the automotive industry. The
Ford F150 and the 2010 model of the Jaguar XJ all have a large percentage of their body and
frame made of extruded aluminum. In the Jaguar XJ, the cantrail is made from a combination of
hydroformed and extruded parts that are assembled together. The change from steel to aluminum
parts saves 7.4 lbs of weight from the cantrail. Jaguar reports in their life cycle analysis of the
cantrails a CO2 reduction of 3,452 tons over the car’s lifetime [1]. The 2015 Ford F150’s
aluminum body reduces the total vehicle weight by up to 700 lbs (Figure 1).
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Figure 1 - The 2015 Ford F-150 body is made entirely of aluminum extrusions. Producing the body out of
aluminum as opposed to steel reduces the weight of the body by 700 pounds while improving its corrosion
resistance and strength-to-weight ratio [1].

1.2.3 Sapa’s RX82 Aluminum Alloy
RX82 is a Sapa Extrusion proprietary 6xxx series aluminum alloy composed primarily of
aluminum with significant additions of silicon, iron, copper, manganese, magnesium, chrome,
zinc, and titanium [2]. Its composition falls within the specifications of a 6082 aluminum alloy,
but Sapa’s RX designation signifies that the alloy undergoes recrystallization during the
extrusion process. Essentially, the heat generated by the stresses of extrusion results in the alloy
exceeding its solvus line, which enables the alloying elements to diffuse throughout the now
single phase billet, increasing the homogeneity of the billet for future processing.

1.2.4 Aluminum Extrusion
The process of extruding aluminum begins with the casting of ingots or billets. Initially,
the melt is formed from mixing different feed streams in a furnace to acquire a final specified
composition. The melt is then gravity fed into molds, where the aluminum begins to cool and
crystallize. Initially, the increased cooling rate at the cast walls causes crystals to nucleate
heterogeneously. As the billet cools the grains grow towards the center of the casting, impinging
on each other to form grains. The growth of these aluminum rich grains forces the alloying
elements to diffuse towards the grain boundaries.
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After the billet is cast, it is solution heat treated above its solvus line to homogeneously
distribute the alloying elements throughout the material

. This step not only facilitates

future strengthening through the formation of precipitates, it also increases the extrudability of
the billet due to alloying elements not forming hard precipitates along grain boundaries [3], [4].

This portion redacted at request of author.

The solution heat treated billet is then ready to be fed into the extrusion process.
Extrusion is the process of forming profiles by using pressure to force a material through a set of
dies. This process utilizes plastic deformation to form extrusions that have consistent crosssectional profiles and wall thickness. There are two types of extrusion, direct and indirect
(Figure 3). For this application Sapa Extrusion uses direct extrusion, where a compressive force
is used to push the RX82 billets through a die. These compressive stresses help to ensure that
there is no cracking in the billet during extrusion [5].
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Figure 3 – Schematic showing (A) direct extrusion and (B) indirect extrusion. The compressive forces on the billet
are shown in the direct extrusion schematic. The stem being pushed into the container as the extrusion gets pushed
out the opposite side is shown on the indirect extrusion schematic [5].

As the billet is being forced through the extrusion die, the friction generated between the
two contacting surfaces generates enough heat to bring the billet above its solvus temperature.
This is what the RX82 alloy was made for, because the heat generated not only serves to dissolve
the Mg2Si precipitates and form more ductile alpha phase, it also allows the extrusion to
recrystallize upon being extruded. The extrusions are quenched immediately to form a supersaturated solution that can be aged to form strengthening precipitates. The extruded aluminum
profiles (Figure 4) are cut to length and moved to a secondary stretching process. The stretching
relieves stresses in the material and gives the profiles their desired straightness [6].

Figure 4 - An aluminum profile is the specific shape of the extruded metal after it is pushed through the die.
Companies such as Sapa have thousands of different dies for profiles that may be used in many applications. Most
dies are custom made for a specific profile and a specific application [1].
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1.2.5 Precipitation Hardening (Age Hardening)
Age hardening is the stage during which the strength and ductility of the aluminum
extrusions are optimized [1]. Age hardening is the process of growing precipitates within an alloy
for the purpose of inhibiting dislocation movement. Precipitate formation is initiated at locations
within the sample where there is sufficient potential energy for the alloying element atoms to
aggregate and form intermetallics like Mg2Si. This growth can occur naturally at room
temperature, but may require long periods of time to achieve a stable precipitate size where the
material is classified as T4. Artificial aging (T6) is a process where an extruded profile is placed
in an oven around 350°F, expediting the growth of precipitates and producing a measurable
increase in strength [6].

Precipitates are the final result of numerous kinetically and thermodynamically enabled
processes that take place during aging. Initially, the Mg and Si atoms cluster near grain
boundaries. This is followed by the formation of Guinier-Preston (GP) zones. The GP zones
grow and form the ß′′ intermediate precipitate. With further aging the ß′ forms from the ß′′
precipitates. Eventually the equilibrium ß-Mg2Si phase is formed.

The ß′′ precipitates are coherent with the aluminum matrix, the ß′ precipitates are semicoherent, and the ß-Mg2Si are incoherent. When the precipitates are small and coherent with the
aluminum matrix, dislocations shear through the precipitate, adding a small amount of strength
to the material. As the incoherency of the precipitates increases due to elevated temperature and
time, the dislocations have to bow around the precipitate. The top of the peak (Figure 5) is
referred to as the peak age condition, and is where the maximum strength of the material is found
[4].
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Figure 5 - A diagram of the impact that precipitation aging duration, as well as aging temperature, have on the yield
strength of a 6061 aluminum alloy [7].

Past this point where the equilibrium phase is reached is known as overaging. Before the
peak where the ß′′ phase is present is known as underaging. Overaging results in a loss of
strength because as the precipitates grow larger, and the overall amount of precipitates in the
system lowers as a result of Ostwald Ripening. Ostwald ripening is a thermodynamically-driven
spontaneous process in which smaller precipitates begin to dissolve and redeposit onto larger
crystals thus decreasing the overall surface area of the precipitates. As the precipitates continue
to grow, the distance between them increases. Eventually they are so far apart that, for all intents
and purposes, diffusion no longer occurs, and the strength of the alloy ceases to change. Overaging can occur even after heat treatment if the material is exposed to any other considerable
source of thermal energy, such as the heat generated from welding or curing powder coat paint.

1.2.6 Welding of 6xxx Series Aluminum
The process of welding aluminum is relatively tricky due to the considerations that must
be taken prior to joining the two components. For RX82 aluminum, the weld surfaces must first
be properly prepared. If there are any oxides present on the surface of the extrusion prior to
welding, or if any form during welding due to oxygen reacting with aluminum to form alumina,
the oxide can sink into the weld pool. These oxides can form inclusions, and greatly reduce the
strength of the joint [8]. To join the two surfaces with Metal Inert Gas (MIG) welding, the welder
must select a filler metal suitable for the given application. 4xxx series aluminum filler metal is
used to join most age hardenable aluminum alloys, like RX82, but it shouldn’t be used in
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applications where the joined pieces are anodized due to formation of grey streaks resulting from
the silicon precipitating out of the joint. An Al-Mg alloy filler metal is used in applications
where greater strength is desired [1].

After welding, the joint is usually heat treated to ensure there is sufficient strength in the
joint and the HAZ surrounding the weld. This is done because the process of welding drastically
alters the microstructures present in the extrusion surrounding the welded joint. The process of
welding produces a cast structure in the weld pool. Extending outward from the midline of the
weld entering the parent material, the HAZ is comprised of a solutionized zone, an annealed
zone, an overaged region, and finally transitioning to unaffected base metal [1]. The cast
structure and the annealed zones are the weakest and softest areas (Figure 6), and it is here that
fracture usually occurs during tensile loading [1], [9].

Figure 6 – Taken from a study investigating the mechanical behavior of 6082-T6 aluminum alloy welds, this
Vickers microhardness profile reveals that the softest areas are within the weld pool and a small distance outside of
the weld pools [9].
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RX82 is an alloy that is strengthened through the use of precipitates inhibiting dislocation
movement; however these strengthening precipitates are thermodynamically unstable when
exposed to welding conditions. As RX82 is being welded, the smaller ß′′ precipitates will begin
to dissolve when the local HAZ temperature exceeds 480°F, while larger precipitates grow.
Closer to the weld fusion line the ß′′ precipitates can undergo reversion. In the HAZ where
temperatures range from 480-900°F coarse ß′ can form and rapidly grow due to the increased
solute content from the smaller dissolving ß′′ precipitates. These microstructural changes
ultimately affect the yield strength and hardness throughout the welded, heat affected, and base
metal zones. Post Weld Heat Treatment (PWHT) of the component after welding can recover
some of the strength lost through the process of welding. During PWHT, ß′′ will precipitate and
grow in the regions that underwent reversion during welding. The ß′′ reversion is most extensive
in areas of high solute content near the weld fusion line (Figure 7) [10].

Figure 7 – The microstructures present in Al-Mg-Si alloys after various processes. (a) The microstructure following
Artificial Aging (AA) is predominantly ß′′. (b) When welded, some ß′′ dissolves and is replaced by weld metal and
coarse ß′. (c) PWHT recovers ß′′ precipitates, recovering strength in the HAZ [10].

1.2.7 Powder Coating Aluminum
In the automotive industry, coating is a common practice used to improve the surface
properties of a component, as well as improving its aesthetics. There are two main methods of
coating metallic components, powder coating and wet coating. While the material costs are
9

similar between powder and wet coating, savings in operational cost make powder coating a
more efficient coating process [11]. Powder coatings are paint films composed of a structural
binder, pigment, and additional additives. The structural binder is composed of a resin and
polymer. The pigment and additives affect the aesthetics, fluidity, and application properties of
the coating [12].

In the automotive industry, electrostatic spray is the most common powder coat
application process. A spray gun is used to electrostatically charge the hopper supplied powder,
which is then sprayed onto the grounded component (Figure 8). After the coating has reached a
desired thickness on the material surface, the coated component is transferred to an oven for
curing. Inside of the oven the temperature is above the melting point of the powder. The coating
film is formed by powder particles melting, flowing, and fusing to the component surface [13].
The powder coating process takes approximately 30 minutes at 350°F; however this can vary
based on the temperature of the curing conditions.

Figure 8 – The process of powder coating aluminum involves spraying electrostatically charged powder onto a
grounded component [13].

1.3 Previous Research on Similar Topics
1.3.1 Perforation of welded aluminum components: Microstructure-based
modeling and experimental validation
A study investigating the effect MIG welding has on the mechanical properties of
AA6082 – T6 shows that the process of welding reduces the strength of the component in the
weld pool and HAZ. In this study, 10 mm, 20 mm and 30 mm thick extrusions made of
10

AA6082-T6 were MIG welded with Safra 5183 welding wire. The 10mm extrusions were
welded with three passes, while the 20mm extrusions received eight passes, and the 30mm
extrusions received twelve passes.
Three tensile tests were performed on the base material in both the direction of extrusion
and the cross-weld direction. For these tests, there was not any substantial difference in yield
strength. Microhardness profiles of the weld region and HAZ were gathered, through Vickers
hardness testing, to pinpoint the location of the HAZ as well as identifying the differences in
strength caused by MIG welding (Figure 9). The microhardness profiles indicated that the
weakest portion of each sample was in the area between the weld pool and the base metal [14].

Figure 9 – The microhardness profile of MIG welded AA6082-T6 extrusions. The profiles vary in thickness from
10mm to 30mm. Each sample was tested along three lines through the weld. All samples show a minimal hardness
in the HAZ of their weld [14].
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2. Experimental Procedure
2.1 Production Sample
2.1.1 Bumper Reinforcement Sectioning
Sapa Extrusion provided an example of the welded and painted specimen in the form of a
Chrysler 200 bumper reinforcement. This product consisted of a main RX82 extruded profile that
was fillet welded to two separate crash cans. The bumper was provided to be sectioned for
microhardness analysis of base metal and weld profiles. Luka Dugandzic of Dugandzic Design
(San Luis Obispo, CA) was contracted to produce general sections of the welded region that
could be further processed for metallographic mounting and microhardness testing. Initially, a
portion of the RX82 profile was sectioned using a horizontal metal band saw, enabling further
cuts to be made on the crash can (Figure 10). This reduced portion of the reinforcement was then
cut along the longitudinal direction of the extrusion, separating the rear weld bearing face from
the front of the profile. Nine cuts were then made in the longitudinal and transverse directions to
section the welded portion of the extrusion.

A

B

Figure 10 – (A) The schematic of a production Chrysler 200 bumper reinforcement. The dotted lines indicate
general sectioning cuts that were made to expose the weld for further sectioning [15]. (B) The resulting sections that
were eventually cut using a wafering blade.

Using the sections obtained from Dugandzic Design, further processing was performed to
reduce their size in order to fit them into the 1-1/4 inch diameter acrylic mounts. Longitudinal
and transverse samples were sectioned by an Allied Techcut 4 with a lubricated wafering blade
spinning at 130 RPM.
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2.1.2 Section Preparation
After the weld samples were cut to size, they were mounted in acrylic following standard
procedure. The resulting samples were then ready for rough polishing on 240, 320, 400, and 600
grit abrasive papers, followed by polishing on 6 micron and 1 micron pads with diamond
colloidal solution. Samples of unaffected base metal were obtained from the bottom flange of the
RX82 extrusion using the same wafering, mounting, and polishing procedures (Figure 11).

A

B

Figure 11 – (A) A transverse sample of weld metal from a Chrysler 200 bumper reinforcement mounted in acrylic
for microhardness testing. Indentations were made along the red arrow. (B) A transverse section of base metal
mounted using the same material and procedure as the weld section. The small indentations are Vickers
microhardness indentations.

2.1.3 Microhardness Indenting
Following sample surface preparation, Vickers microhardness indentations were made to
determine the hardness of weld profiles as a function of distance from the weld, as well as the
relative orientation of the weld and extrusion direction. Vickers indentations were taken
following ASTM Standard E384 – 11E1 Standard Test Method for Knoop and Vickers Hardness
of Materials [16]. From the ASTM specifications, it was determined that indentations should be
made using 500 grams of force for a load time of 10 seconds. Testing was conducted using a
Buehler Micromet II Microhardness Tester. Microhardness indentations on the weld specimens
were placed 0.05 inches apart, running the length of the base extrusion (Figure 11 A). Six
indentations were made on the sections of unaffected base metal in order to determine their
average hardness.
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2.2 Main Experiment
Sapa Extrusion MIG welded plates of T4 and T6 base extrusions. The extrusions were
welded along their transverse faces, enabling tensile testing to be conducted in the longitudinal
direction. 50 tensile samples were milled from the MIG welded T4 plates, while 45 were milled
from the T6 plates. The samples were shipped from Sapa production facilities in Detroit, MI to
San Luis Obispo, CA for treatment and testing. Samples arrived in the as-welded condition.

2.2.1 Sample Treatment
Sample treatment was conducted using a low temperature oven in the Cal Poly Materials
Engineering Department’s Heat Treatment Lab. Sample treatment temperatures and times were
based around last year’s Sapa Extrusion senior project that investigated the effect of coating
treatments (specifically paint-bake cycles) on the tensile strength of a variety of extruded
aluminum alloys [17]. It was found that treatment temperatures of 350°F, 390°F, and 425°F
simulate the temperatures that car components may experience during a run in a production scale
curing oven. Treatment durations of 0.5, 1.0, and 2.0 hours were used to completely cover the
duration of a paint-bake cycle, in addition to having larger durations that account for any
stoppages in the oven (Table I)
Table I – Thermal Exposure Experimental Treatments

Temperature (°F)

Duration (hr)
0.5

1

2

T4

T4

T4

T6

T6

T6

T4

T4

T4

T6

T6

T6

T4

T4

T4

T6

T6

T6

350

390

425
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Prior to sample treatment an oven survey was conducted to ensure that the internal
temperature of the oven would remain within a ±10°F range. Following confirmation of oven
reliability, a PWHT was applied to the T4 samples. This treatment at 350°F for five hours was
done to replicate Sapa Extrusion’s standard procedure for producing welded components that
start in the T4 condition. Initially the oven was heated to 350°F while the samples were loaded
onto trays, with thermocouples attached to the left and right of each tray. Once the oven reached
350°F the samples were loaded. Once the thermocouples indicated that the samples had reached
350°F, a timer was set for five hours. Upon completion of the PWHT the T4 samples were
removed from the oven and still air cooled on bricks, with the gage length exposed to facilitate
air circulation around the welded region (Figure 12). Experimental treatment of the T4 and T6
samples followed the same procedure of oven heating, sample loading, and cooling. Nine
different treatments were applied to both the T4 and T6 samples, with five replicates for tensile
testing and no replicates for microhardness profiles.

A

B

Figure 12 – (A) The low temperature oven used to treat the T4 and T6 RX82 samples. At the bottom right of the
oven is the thermocouple and datalogger used to monitor the internal temperature of the oven. (B) Samples were still
air cooled after treatment in the oven. The gage length is exposed in order to facilitate even cooling around the weld.

2.2.2 Tensile Testing
The main form of characterization employed was the use of an Instron 5545 Tensile
Tester with a 150kN load cell. ASTM Standard B557 - Standard Test Methods of Tension
Testing Wrought and Cast Aluminum- and Magnesium-Alloy Products was used to determine
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appropriate testing variable values, such as crosshead displacement rate [18]. The samples had an
average gage thickness of 0.10 in and an average width of 0.498 in. Samples were tested with a
cross-head displacement rate of 0.10in/min. Maximum load was recorded to determine the
ultimate tensile strength of each sample.

2.2.3 Microhardness Indenting
Samples that were used for microhardness indentation were sectioned using the same
wafering blade setup employed in the sectioning of the production sample. The samples were
sectioned down the midline of the weld to expose the transverse view of the weld and HAZ.
Sections were cold mounted in acrylic and polished to 1 micron.

As stated in the production sample section, Vickers microhardness indentations were
made using a Buehler Micromet II Microhardness Tester, a Vickers indenter, and 500 grams of
force for a load time of 10 seconds. Indentations were made from the midline of the weld
outwards to the unaffected base metal at intervals of either 0.01 inches or 0.02 inches.

3. Results
3.1 Production Sample
After indentation, the diagonal lengths of the indentations were measured to the nearest
0.5 micron (Figure 13). Measurements were performed using a calibrated eyepiece on the
Buehler testing apparatus. The indentation was located and focused at 40X magnification,
followed by horizontal and vertical measurement of the diagonal lengths. The two lengths were
averaged, and the HV Vickers hardness was calculated.
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Figure 13 – A Vickers indentation made on the surface of the transverse production weld sample. The black bars are
the outside boundaries that were used to measure the diagonal lengths of the indentation in order to calculate the
microhardness.

From the data gathered, profiles for the transverse (Figure 14) and longitudinal (Figure
15) samples were developed. Both samples show maximum hardness values that lie in the base

Hardness (HV)

metal region, while there is a stark decrease in hardness as the profile comes closer to the weld.

0

Distance (tenths of an inch)
Figure 14 – The microhardness profile for the transverse weld section from the production sample. HV values start
around 80 in the base metal, drop to 58 in the welded region, then return to 75.
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Hardness (HV)
0

Distance (tenths of an inch)
Figure 15 - The microhardness profile for the longitudinal weld section from the production sample. HV values start
around 80 in the base metal near the flange and maintain this hardness through the welded region, then reach a
maximum of 115.

3.2 Tensile Test Results
Tensile testing generated curves of tensile stress as a function of sample extension. These
figures were visual representations of the effect that thermal treatments may or may not have had
on mechanical properties (Figure 16).

Figure 16 – A stress-extension graph of T4 samples that were treated at 350°F for 0.5 hours. All of the samples
appear to be failing around the same tensile stress.
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The ultimate tensile strength of each sample was calculated by dividing maximum load
supported by the cross-sectional dimensions of the tensile sample near the base of the weld bead
(Table II and Appendix A). Almost all of the samples failed in the area next to the weld bead,
however there were a few exceptions where the sample failed between the weld bead and the end
of gage length. These failures had substantially larger reductions in area than the samples that
failed by the weld bead, yet they had similar maximum loads. Graphical analysis of the data sets
was completed by averaging the UTS for each treatment group, then plotting UTS as a function
of treatment duration, with results grouped by treatment temperature (Figures 17 and 18).
Table II – Average UTS Values in ksi For Thermally Treated Samples
Treatment Duration (hours)

T6

T4

Temper

Treatment
Temperature ( °F)

0.5

1

2

350
390
425
350
390
425

38.26
36.74
37.10
28.39
30.99
30.77

34.91
37.65
36.22
30.31
34.99
33.67

38.24
37.77
35.36
30.68
36.78
32.95

There is a large amount of variation in the average UTS of the T4 samples with no
apparent relationships between treatment temperature and duration (Figure 17). The 350°F
treatments start over 38 ksi, drop to 35 ksi after 1.0 hour of treatment, then increase to 38 ksi at
2.0 hours, Increasing treatment temperature to 390°F from 350°F for the 0.5 hour treatments
results in a decrease in average UTS. The 390°F group shows increasing strength with increasing
treatment duration. This trend is reversed for the 425°F treatments, which show a decrease in
UTS with increasing treatment duration.
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T4 Average Ultimate Tensile Strength
Ultimate Tensile Strength (ksi)

39
38
37
350°F

36

390°F

35

425°F

34
33
0.5

1
Exposure Time (hours)

2

Figure 17 – The average UTS results from T4 samples that were thermally treated. There is not any apparent
correlation between treatment factors and changes in UTS.

T6 Average Ultimate Tensile Strength
Ultimate Tensile Strength (ksi)

38
37
36
35
34
33

350°F

32

390°F

31

425°F

30
29
28
0.5

1
Exposure Time (hours)

2

Figure 18 – The average UTS results from T6 samples that were thermally treated. UTS appears to increase with
increasing treatment temperature and time, however there is a later decrease in UTS of the 425°F treatment group,
and UTS decreases as temperature increases from 390°F to 425°F
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Initial graphical analysis of the T6 data shows that increasing treatment duration leads to
an increase in UTS, with the only exception being the increase from 1.0 hour to 2.0 hours in the
425°F treatment group (Figure 18). There is also an increase in UTS from 350°F treatments to
390°F treatments. Going from 390°F to 425°F, however, results in a slight decrease in strength,
but with average values that still exceed the 350°F treatment group. The combination of the
observations between treatment temperature and duration affected UTS indicates that a process
limitation was observed. Paint-bake cycles operating at 390°F appear to be the optimal
temperature for strength recovery in the welded region. Based on the trend observed in the 425°F
treatment group, it can be surmised that if the treatment duration of the 350°F and 390°F
treatments were increased beyond a certain point, an eventual decrease in strength would be
observed. The process limitations of temperature and time could be manifestations of overaging
and Ostwald Ripening.

3.3 Statistical Analysis of Tensile Results
Statistical analysis of the T4 and T6 UTS values was conducted using MiniTab software.
Prior to conducting an analysis of variance, both T4 and T6 data sets were tested for equal
variance. The T4 group passed Bartlett’s test with a P-value of 0.004. The T6 group was less
conclusive, producing a P-value of 0.083. These tests were followed by an analysis of variance
utilizing a General Linear Model (GLM). Using this form of analysis in conjunction with Tukey
intervals enables detailed analysis of the effect of each factor, as well as differences caused by
each factor level.

GLM analysis of the T4 group produced P-values to determine whether treatment
temperature or time cause statistically significant differences in UTS. The samples were also
tested to see if there was any interaction between these two factors. The P-values for temperature
and time were 0.205 and 0.239 respectively. Since these values were larger than the threshold
value of 0.05, we cannot confirm that these factors cause statistically significant changes in UTS.
The T4 samples therefore have the same UTS regardless of the thermal treatment they were
exposed to. The P-value for the interaction between factors was found to be 0.041; however the
interactions plot simply shows that the two factors had a synergistic effect on UTS, with no
correlation between increases or decreases in UTS with changes in the factor levels (Figure 19).
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Interaction Plot for Max Stress (Ksi)
Fitted Means
38.5

Temperature
350
390
425

38.0
37.5

Mean

37.0
36.5
36.0
35.5
35.0
0.5

1.0
Time

2.0

Figure 19 – An interaction plot of the temperature*time effect on the UTS of T4 samples shows that while there is a
synergistic effect on strength, the effect cannot be determined to be strictly positive or negative.

Analysis of T6 data produced more conclusive results. A GLM was used, testing for the
same factors, factor levels, and interactions used in the T4 analysis. The treatment temperature,
time, and interaction had P-values of 0.000, 0.002, and 0.518 respectively. From this, it can be
determined that treatment temperature and time had a statistically significant effect on UTS,
which means the UTS of welded T6 RX82 does vary with thermal treatments. The Tukey
grouping within factor levels indicated that the 350°F treatments had UTS values that were
significantly lower than samples treated at 390°F and 425°F. The 390°F treatments had an
average UTS value that was 4.56 ksi higher than the 350°F treatments. The 425°F treatments had
UTS values that were 2.67 ksi higher than 350°F treatments. Characterizing the graphically
observed difference in strength between the 390°F and 425°F treatments was an average
decrease in UTS of 1.79 ksi. This decrease is not statistically significant because there is an
overlap in the 95% confidence interval (CI) of the difference in mean UTS values, meaning that
there is a chance that the samples have the same mean UTS value. Tukey grouping also
determined that the 0.5 hour treatments were significantly lower in UTS than the 1.0 and 2.0
hour treatments. The 1.0 hour treatments had mean UTS values that were 2.94 ksi higher, while
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2.0 hour treatments were 3.42 ksi higher. Similar to the higher treatment temperatures, the higher
treatment times included a possible overlap in mean UTS values; however the middle of the 95%
CI indicated a mean increase of 0.48 ksi when time was increased from 1.0 to 2.0 hours.

3.4 Microhardness Profiles
Employing the same methods that were used in the analysis of the microhardness profiles
for the production sample, the indentation lengths were tabulated, averaged, and converted to
microhardness (Appendix B). The T4 samples treated at 350°F appear to have little to no
deviation in regards to microhardness maximum/minimum values, as well as no changes in
extent of the HAZ (Figure 20). This behavior is as expected, due to the samples being post-weld
heat treated at 350°F for five hours prior to any experimental treatments.

T4 Microhardness Profiles of 350°F Treatments
140
130

Hardness (HV)

120
110
30 minutes

100
90

1 hour

80

2 hours

70
60
0

0.05

0.1
0.15
0.2
0.25
0.3
0.35
Distance From Centerline of Weld (inches)

0.4

0.45

Figure 20 – Microhardness profiles of T4 samples treated at 350°F for 0.5, 1.0, and 2.0 hours. The tests were
performed in the transverse direction, starting in the weld metal and moving outwards to the unaffected base metal.

T4 samples that were treated at 390°F produced different results. Not only were there
substantial differences between maximum and minimum values, there was also a large variation
in extent of the HAZ. These changes also did not appear to follow any trend related to treatment
duration. This could be the result of changing indentation steps from 0.01 inches to 0.02 inches,
however further testing would need to be conducted with microhardness the focus of the
experiment.
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T4 Microhardness Profile of 390°F Treatments
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Figure 21 – Overlaid microhardness profiles of T4 samples treated at 390°F display high levels of variance
regarding local maximum and minimum HV0.5 values. There is also wide variation in regard to HAZ extent.

4. Discussion
The thermal gradients caused by the process of welding influence the formation and
evolution of microstructures present in the base metal. These gradients develop thermal
processing histories that are partly a function of distance from the weld midline. Essentially, next
to the weld there are regions that reach temperatures near the equilibrium melting temperature
and rapidly cool, while regions further away from the weld reach lower temperatures yet cool
more slowly. These different thermal histories have a dramatic effect on the microstructures that
form or microstructures that were already present.

4.1 Solutionizing of Weld HAZ
Close to the weld, the temperature exceeds the solvus line of Mg-Si in alpha aluminum,
around 480°F. This solutionizes the region by dissolving the ß′′ back into solution, essentially
reversing one of the main processing steps used to strengthen the RX82 alloy (Figure 7b). In the
T4 samples this re-solutionizing of the HAZ is mitigated through the use of a PWHT. This
process enables the precipitates to re-nucleate and grow in the solutionized zone, re-introducing
the precipitation hardening mechanism that was used to inhibit dislocation movement and
increase the UTS of the extrusion (Figure 7c). The T6 samples were not subject to a PWHT,
which resulted in the solutionized zone persisting as the welded RX82 extrusions are sent to the
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paint-bake cycle. Through the process of exposing the welded T6 to a low temperature
environment the solutionized zone undergoes a pseudo PWHT, accomplishing the same general
goal of precipitate nucleation and growth.

4.2 Ostwald Ripening
Further away from the weld the thermal gradient is closer to 350°F, instead of over
480°F. This thermal history induces a microstructural evolution that is different from the changes
in the solutionized zone. With a temperature rise in the dual phase region, diffusion mechanics
are enabled which then promotes thermodynamically driven changes in microstructure. As more
atomic movement is enabled, Mg and Si solute present in smaller precipitates and local
compositional heterogeneities diffuse towards larger ß′ precipitates in order to reach a lower
energy state. The larger precipitates have a smaller surface area to volume ratio than the smaller
precipitates, resulting in a lower surface tension and therefore a lower Gibbs free energy. As the
average precipitate size increases, there is a corresponding decrease in the total number of
precipitates in the system. There is also a change in the crystal structure of the precipitates that
makes them completely incoherent from the alpha Al matrix. These two changes result in
dislocations being able to move more freely through the system by bowing around the
precipitates instead of forcing them to shear through the precipitate. Accordingly, there is a
decrease in strength associated with Ostwald Ripening.

The effect of Ostwald Ripening was undoubtedly increased through the sample
treatments, however the decrease in strength associated with precipitate solutionizing initially
outweighed the decrease in strength from Ostwald Ripening. Further sample treatment recovered
strength within the solutionized region while further decreasing the strength of the overaged
region; however the decrease in strength from overaging only fell below the re-strengthened
solutionized zone when treatment temperature exceeded 390°F, and when the 425°F treatment
lasted 2.0 hours instead of 1.0 hour.
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5. Conclusions
1. T4 samples showed no statistically significant changes in UTS with changes in thermal
treatment temperature or duration.
2. The T6 samples treated at 390°F or 425°F had average UTS values of 34.3 ksi and 32.5
ksi respectively, which were significantly higher than samples treated at 350°F which had
average UTS values of 29.8 ksi.
3. The T6 samples treated for 1.0 or 2.0 hours had average UTS values of 33.0 ksi and 33.5
ksi respectively, which were significantly higher than samples treated for 2.0 hours which
had average UTS values of 30.1 ksi.
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Appendix A – Tensile Test Data
T4 Tensile Data
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T6 Tensile Data

29

Appendix B – Microhardness Data
T4 – 350°F, 0.5 hour Treatment
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T4 – 350°F, 1.0 hour Treatment
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T4 – 3590°F, 2.0 hour Treatment

T4 – 390°F, 0.5 hour Treatment
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T4 – 390°F, 1.0 hour Treatment
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T4 – 390°F, 2.0 hour Treatment
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